The nature of binding of Ru(phen)_
INTRODUCTION
As part of a wider programme to find a method for photocleaving DNA sequence-apecifically or base-specifically, we have been studying the interactions of photo-active molecules with DNA and synthetic polynucleotides (1) .
These compounds may act either by sensitizing the formation of species known to attack DNA (e.g. singlet oxygen), or by direct reaction with the polynucleotide (e.g. photoredox reactions) (2, 3) . Molecules such as porphyrins (4), and ruthenium polypyridyl complexes (5) shown in Figure 1 , are interesting in this regard, as their excited states are excellent singlet oxygen sensitizers and are also powerful oxidizing and reducing agents.
These ruthenium compounds are cationic, and would therefore be expected to interact with DNA. Our initial spectroscopic studies showed this to be the case, and preliminary experiments also showed that Ru(phen).
(I) and 2+ Ru(bipy) (II) cleave pBR322 DNA, in aerated solutions, upon irradiation with visible light (6) . Recently Yamagishi (7) and Barton et al. (8) have
reported that I binds to DNA stereospecifically, in a manner apparently invol- vingthe partial intercalation of one of its three ligands. This work, and that carried out with other metal polypyridyl complexes (10, 11) , indicated that these might be useful in the study of intercalation.
A large number of polypyridyl and related ligands are known (5) . These may be used to test the effect on binding to DNA, of functional groups on the ligands, or heteroatoms in the ligand aromatic ring systems, or ligand size (12, 13) . Furthermore, square-planar, tetrahedral or octahedral metal complexes (14) are available to study the effect of geometrical structure on binding.
The importance of optical isomerism, for example, has already been described by Barton (8, 9, 10) . As metal polypyridyl complexes with different charges are known, the role of electrostatic interactions may also be studied.
These considerations prompted us to extend our investigation of several polypyridylruthenium(II) complexes to include biophysical techniques, so as to determine a) the extent to which they unwind DNA, b) the manner in which they stabilize the DNA duplex, c) the importance of electrostatic interactions to overall binding, and d) whether they show any base or sequence specificity in binding.
MATERIALS AND METHODS
Materials. Ru(phen) 3 2+ (I), Ru(bipy) 3 2+ (II), Ru(terpy) 2 2+ (III), Ru(bipy)-(CN)_, and Ru(phen).(CN)o were synthesized from RuCl_ using standard methods (15, 16, 17) . I, II, III were collected as the dichloride salts, reprecipitated as the PF, salts, and purified on a neutral alumina column with acetone as eluant. The complexes were then reconverted to the water soluble dichloride salts by ion-exchange chromatography on IRA-AOO(Cl) Amberlite.
The cyano complexes were purified on neutral alumina using methanol as eluant.
High molecular weight calf thymus DNA was obtained from Sigma (Cat. No. DA764), purified as described previously (1) , and dissolved in 10 mM phosphate buffer (u -0.02, pH -6.9). An A(260)/A(280) ratio greater than 1.8 indicated a sample substantially free from proteins (11 Temperature was measured with an FS-23D thermistor. The polynucleotide concentration was 3 x 10 M phosphate. The melting temperature (T ) was calculated as specified (19) , and the curve width (a ) was taken as the temperature range between which \0X to 90Z of the absorption increase occured. The melting curves and temperatures for CT-DNA and the synthetic polynucleotides were consistent with the literature (19, 20) . Some of the dyes absorb strongly at 260 nm, but this absorption was found to be independent of temperature. Following incubation, the reactions were stopped, the ruthenium polypyridyl compounds extracted and the plasmid DNA electrophoresed as previously described (1).
Photolysis.
Preliminary photolysis experiments were carried out using Enhancement was found to vary with excitation wavelength but this was solely due to DNA induced changes in the absorption spectra, and when corrected for these was independent of excitation wavelength in the 300-500 nm range studied.
In the higher ionic strength (100 mM phosphate) buffer, changes in the electronic spectra of I, in the presence of DNA, were considerably reduced, and no changes at all were observed for II. From Figure 8 it can be seen that the emission intensity is sensitive to ionic strength, returning to that of 
Scatchard analysis of the binding of I to poly[d(A-T)], in 12mM phosphate
3mM NaCl buffer, was carried out using fluorescence data (30) . An accurate calculation of the binding constant was not possible, due to the inherent inaccuracies in this method, but it allowed us to determine that the constant For example ethidium bromide still binds at 2.5M salt (25) . In contrast I and the other compounds mentioned above require an electrostatic component if binding is to occur at all. Presumably this is so because the stacking interaction is weak. In the cases of I and the ZnTMPyP only part of their aromatic ring systems can be inserted into the DNA for steric reasons (8, 9, 29, 36) , while in the case of chloroquine the ring system is small with only two rings (36) and it may be that full intercalation is prevented by its bulky substituent group. From the structures of these three compounds the charges most likely will be located so that they interact with DNA phosphates, where the electrostatic bonding would be exposed to competition with other positive ... 2+ It is not possible at the present to explain the sensitivity to Mg of intercalation of methylene blue which has a very similar structure to proflavine and acridine orange, two compounds which intercalate in reactions which are much less sensitive to Mg . It is of considerable interest to establish whether intercalation is base or sequence specific (31, 35, 38) . Results showed that many intercalators prefer to bind in the doublet, pyrimidine(3'-5')purine, with a further preference for DNA which is rich in GC. The evidence suggested that when intercalators were base specific they prefered GC-rich DNA whereas a number of external binders were found to prefer AT-rich DNA (39). In view of these generalisations it is of particular interest that some intercalators have now been identified which bind preferentially to AT-rich DNA. The first to be described was the case of daunomycin (40, 41) , while the data in this paper
shows that I also prefers AT-rich DNA. The evidence that I prefers AT-rich DNA comes from the possibility of distinguishing between the effects of poly- If I interacted equally with both polynucleotides the expected value is 1.6.
Thus it appears that about 75Z of the dye molecules bind to poly[d(A-T)].
The preference for A-T sequences is also indicated by the relative intensity caused by calf thymus DNA (42Z GC) which is 1.85 at a P/D of 50. In this case the situation is obviously more complicated because of the variety of sequences in natural DNA but a bias in the direction of AT-rich regions is apparent.
Both I and II sensitise DNA to photolysis by visible light in aerated solution. The two compounds are equally effective, showing that intercalation is not required for photolysis. It is possible that the DNA is cleaved by singlet oxygen produced in its vicinity, or as a result of direct photoredox reaction between the ruthenium compounds and the DNA, but the mechanism is not known at present. A further point of major interest is whether the photolysis is base or sequence specific. It has already been shown that the photolysis induced by methylene blue is specific for G (42) . As I appears to interact preferentially to AT rich sequences, it is also possible that it will induce photocleavage of DNA preferentially in these regions. The specificity may be increased using combinations of compounds with different specificities, or perhaps by adjusting the ionic conditions. Since there is a large number of compounds known to mediate photolysis of DNA (1, 4, 33, 42, 43) , there are excellent prospects for developing a set of photochemical reactions to be used in sequencing and otherwise probing DNA.
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